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 Abstract²In this paper, a two-degrees-of-freedom 
control algorithm based on uncertainty and disturbance 
estimator (UDE), aimed to minimize the total harmonic 
distortion of inverter output voltage is proposed, 
possessing enhanced robustness to fundamental 
frequency variations. A multiple-time-delay action is 
combined with a commonly utilized low-pass UDE filter to 
increase the range of output impedance magnitude 
minimization around odd multiples of fundamental 
frequency for enhanced rejection of typical single-phase 
nonlinear loads harmonics. Marginal robustness 
improvement achieved by increasing the number of time 
delays is quantified analytically and revealed to be 
independent of delay order. The performance of the 
proposed control approach and its superiority over two 
recently proposed methods is validated successfully by 
experimental results. 
 
Index Terms²Uncertainty and disturbance estimator, 
time-delayed filter, inverter, voltage quality, two degrees 
of freedom control. 
I. INTRODUCTION 
OWER inverters are a key element associated with DC-
AC energy conversion applications [1]. Therefore, the 
research related to the field of inverters control is on-
going and extremely popular. Minimizing the total harmonic 
distortion (THD) of DC-AC power converters feeding 
nonlinear loads is one of the fundamental challenges [2] ± [5]. 
The challenge of THD reduction is equivalent to inverter 
output impedance minimization and is therefore closely 
related to the algorithm utilized for output voltage control [6]. 
In fact, reducing the magnitude of inverter output impedance 
around frequencies associated with load energy improves the 
output voltage quality [7]. In case single-phase inverter feeds 
a nonlinear load, inverter output impedance magnitude at odd 
harmonic frequencies is relevant for THD minimization, 
while in case of three-phase conversion, 6nേ1 harmonic 
components are of interest. In [8] ± [11], multi-resonant and 
repetitive controllers were utilized, to minimize inverter 
output voltage THD. Despite proven exceptional 
performance, typical multi-resonant and repetitive control 
methods possess single-degrees-of-freedom structure, 
imposing coupling between tracking and disturbance 
rejection. On the other hand, disturbance observer (DOB) 
based methods [12], [13] employ two-degrees-of-freedom 
structures, allowing elimination of the above-mentioned 
coupling. DOB-based controllers estimate and cancel the 
lumped uncertainty and disturbance to "nominalize" the plant 
[14], letting the tracking controller to shape the tracking 
response of the nominal system. 
Uncertainty and Disturbance Estimator (UDE), developed 
in [15] ± [17] and verified to be capable of successfully coping 
with a variety of control tasks in [18] ± [21], is a subset of 
DOB. It was demonstrated in [22], that UDE-based 
controllers in may impose disturbance rejection by direct 
shaping of output impedance via suitable filter design. There, 
UDE controller equipped with a multi-band-stop-filter (MBS) 
was utilized to tackle the challenge of inverter output voltage 
quality enhancement. In [23], UDE controller equipped with 
a time-delayed-filter (TD) was proposed to improve its ability 
to approximate and eliminate signals characterized by 
periodic behavior and applied in [24] to single-phase inverter 
output voltage quality enhancement. Performance 
comparison between systems based on the two filters above 
under similar operating conditions indicated the superiority of 
TD in terms of both output voltage THD and settling time and 
the supremacy of MBS in terms of robustness to fundamental 
frequency variations. Therefore, this paper mainly aims to 
improve the performance of UDE based controller equipped 
with a time-delayed-filter in terms of robustness to 
fundamental frequency variations by increasing the number 
of delays in the time-delayed-filter, i.e. utilizing a multiple-
time-delayed filter (MTD) rather than single-time-delayed 
filter, employed in [23] and [24].  
It must be emphasized that utilizing a TD-based UDE 
yielded results somewhat similar to repetitive-like action [25]. 
Yet, as indicated in [23], the proposed method possesses 
significant fundamental difference owing to the two-degrees-
of-freedom structure. Nevertheless, due to revealed 
similarities, design rules and underlying constraints of odd-
harmonic repetitive control [26] ± [28] are very helpful in 
designing TD-based UDE. Methods to improve the 
robustness of TD-based UDE to fundamental frequency 
variations by increasing the he number of delays in the time-
delayed-filter were proposed in [29] ± [31], elaborated in [32] 
and applied to control of power converters (still utilizing 
single-degree-of-freedom structure) in [33], [34]. Here, 
similar enhancement is adopted to equip the UDE with MTD 
while maintaining the two-degrees-of-freedom structure to 
improve the robustness to fundamental frequency variations 
The rest of the paper is organized as follows. The 
proposed UDE-based controller is revealed in detail in 
Section II. Application to improving output voltage quality of 
inverters is described in Section III. Experimental verification 
of the proposed methodology is demonstrated in Section IV. 
The paper is concluded in Section V.  
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II. UDE-BASED CONTROLLER 
Consider a stable, minimum-phase uncertain plant P with 
disturbance,  
 
( ) ( )
( ) ( ) ( ) ( ( ) ( )) ( ) ( ) ,n c
P s u s
y s P s u s P s P s u s f s  ' 
      (1)                                   
where y is the system output, Pn DQG¨P are nominal and   
uncertain parts of P, respectively, u is the plant input, uc is the  
control input and f(t) is the external disturbance, satisfying 
0
1,
( ) sin( ),n n
n odd
f t F n tZ If
 
 ¦                          (2)     
where ܨ௡ is the amplitude and ߶௡ is the phase of the nth 
disturbance input harmonic.  Reference signal to be tracked 
by the system output y(t) is given by 
*
0( ) sin .y t R tZ                                  (3)     
Rearranging (1) yields 
 ( ) ( ) ( ) ( )n c dy s P s u s u s                          (4)                                   
with 
1( ) ( ) ( ) ( ) ( )d nu s f s P s P s u s  '                      (5) 
symbolizing the lumped uncertainty and disturbance (LUD), 
which may be expressed (cf. (1)-(4)) as  
0
1,
( ) sin( ),d n n
n odd
u t D n tZ Tf
 
 ¦                       (6)     
where ܦ௡ is the amplitude and ߠ௡ is the phase of nth 
disturbance harmonic. Tracking and disturbance rejection 
requirements are proposed to be met simultaneously by 
employing a two-degree-of-freedom control structure with a 
split control signal 
( ) ( ) ( )c ct cdu t u t u t                                (7)     
with uct(t) and ucd(t) symbolizing the output of tracking 
controller and LUD estimator, respectively. In case the LUD 
estimator is properly designed, then ucd(t § ud(t) and (4) 
reduces to 
( ) ( ) ( ),n cty s P s u s                              (8)                                   
i.e. the plant is nominalized [14] and the tracking controller 
may be designed according to nominal desired behavior. It 
was shown in [35], [36] that tracking controller and LUD 
estimator designs may be decoupled under the restriction of 
available control bandwidth and desired stability margins. 
A. LUD estimator equipped with multiple-time-delayed filter 
According to (4), the LUD is given by 
1( ) ( ) ( ) ( ).d n cu s P s y s u s                          (9)                                   
UDE-based controllers reconstruct the LUD in (6) by passing 
(9) through a linear filter Gf(s), ideally characterized by unity 
gain and zero phase at odd multiples of Ȧ0, 
1
( )
( ) ( ) ( ) ( ) ( ) ( ( ) ( )) ( ).
c
cd d f n ct cd f
u s
u s u s G s P s y s u s u s G s
§ ·¨ ¸   ¨ ¸© ¹
 (10) 
Rearranging, the LUD estimate is given by  
 1( )( ) ( ) ( ) ( ) ,1 ( )fcd n ctf
G s
u s P s y s u s
G s
              (11) 
making use of system output, tracking control input and  
nominal plant model only. Moreover, substituting (10) into  
(4) gives 
( )
( ) ( ){ ( ) ( )(1 ( ))}.
f
n t d f
H s
y s P s u s u s G s  
                (12)                       
Apparently, if Gf(s) possesses unity gain and zero phase at 
odd multiples of Ȧ0, then corresponding Hf(s) = 0 and LUD in 
(6) will is fully attenuated. Since the LUD in (6) contain odd  
harmonics only, then 
0( ) ( )
2d d
T
u t u t                                  (13)     
with ଴ܶ ൌ ଶగఠబ, or [36] 
0
2( ) ( ) .
T
s
d du s u s e
                               (14)     
Unfortunately, (13) cannot be utilized as is due to infinite 
bandwidth. Therefore, (14) is combined with a low-pass filter 
Q(s) to limit the signal bandwidth, yielding the LUD estimate 
given by 
0
1
2
( )
( ) ( ) ( )
f
T
T s
cd d
G s
u s u s Q s e
§ · '¨ ¸© ¹
§ ·¨ ¸ ¨ ¸© ¹
                 (15)     
with ¨7 denoting the delay of Q(s) at Ȧ0 [23]. The resulting 
Gf1(s) is referred to as time-delayed filter in [24]. Within the 
pass band of Q(s),  
0
2
1 1( ) 1 ( ) 1
T
s
f fH s G s e
'                          (16)     
with corresponding magnitude given by 
1
2
0
1( ) 2 2cos .2f
T
H jZ Z§ ·§ · ¨ ¸¨ ¸© ¹© ¹                  (17)     
Therefore, 
1 0
0,( )
2,f
odd n
H jn
evenn
Z ­ ®¯                          (18)     
and 
1( ) 1fH jZ d  for 
0
1 1
, .
3 3
n n n oddZZ d d              (19)     
Bode diagram of |Hf1(MȦ)| versus normalized frequency Ȧ/Ȧ0 
is depicted in Fig. 1. Obviously, the value of |Hf1(MȦ)| is close 
to zero at odd multiplies of the fundamental frequency. On the 
other hand, it is close to 2 at even multiplies of the 
fundamental frequency, demonstrating the well-known 
"waterbed effect". 
 
 
Fig. 1. Bode diagram of |Hf1(s)|. 
 
In order to improve the LUD estimator robustness to  
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frequency variations, note that (13) may be generalized as 
0( ) ( 1) ( ), 1,2,3...2
m
d d
T
u t u t m m                    (20)     
or 
0
2( ) ( 1) ( ) .
T
m s
m
d du s u s e
                            (21)     
Furthermore, (21) can be rewritten as 
0
2
1
( ) ( 1) ( )
TM m s
m
d m d
m
u s k u s e

 
 ¦                       (22)     
with 
1
1.
M
m
m
k
 
 ¦                                        (23)     
Again, (22) cannot be utilized as is due to infinite bandwidth. 
Combining with a low-pass filter Q(s) yields the LUD 
estimate given by 
0
2
1
( )
( ) ( 1)( ) ( ) .
fM
TM m T s
m
m
cd d m
G s
Q s k e
u s u s
§ · '¨ ¸© ¹
 
§ ·¨ ¸ ¨ ¸¨ ¸© ¹
¦
      (24)     
The resulting GfM(s) is thereafter referred to as multiple-time-
delayed filter. Coefficients km are selected following [30], 
[31] to reduce the sensitivity of GfM(s) to frequency variations 
around odd multiples of Ȧ0 by forcing 
0 ,
( )
0, 1,2,.., 1,
l
fM
l
s jn n odd
d G s
l M
ds Z 
               (25)     
yielding the following system of M ± 1 equations, 
1
0, 1,2,.., 1.
M
l
m
m
m k l M
 
  ¦                     (26)     
Combining (26) with (23), the solution is given in a matrix 
form by 
1
,
 K A B                                    (27)     
where K = (k1, k2«kM)T is a Mx1 vector, A = {aij} is a MxM 
matrix with aij = ji-1 and B   «T is a Mx1 vector. 
Values of km for l = 2, 3, 4 and 5 are summarized in Table I. 
Within the pass band of Q(s) (i.e. for Q(s) = 1),  
0
2
1
( ) 1 ( ) 1 ( 1)
TM m s
m
fM fM m
m
H s G s k e

 
    ¦           (28)     
with corresponding magnitude given by 
1
2
0( ) 2 2cos .
2
M
f
T
H jZ Z§ ·§ · ¨ ¸¨ ¸© ¹© ¹                  (29)     
 
TABLE I 
WEIGHTING COEFFICIENTS  OF MULTIPLE-TIME-DELAYED FILTERS 
M k1 k2 k3 k4 k5 
1 1 -- -- -- -- 
2 2 -1 -- -- -- 
3 3 -3 1 -- -- 
4 4 -6 4 -1 -- 
5 5 -10 10 -5 1 
 
Therefore, 
0
0,( )
2 ,fM M
odd n
H jn
evenn
Z ­ ®¯                        (30)     
and 
( ) 1fMH jZ d  for 
0
1 1
, ,
3 3
n n n oddZZ d d           (31)     
i.e. (31) is independent of M. Bode diagram of |HfM(MȦ)| 
versus normalized frequency Ȧ/Ȧ0 is depicted in Fig. 2 for M 
= 1«4. It may be concluded that increasing the number of  
delays from M to M + 1 leads to robustness improvement of 
1
1
21 0
1
1
( )
( )
( ) 2 2cos
2( )
H
fM
f
fM
R j
H j T
H j
H j
Z
Z Z ZZ



 
§ ·§ ·  ¨ ¸¨ ¸© ¹© ¹
 (32)     
within frequency range given in (31) irrespectively of M, as 
shown in Fig. 3. It may be concluded that the robustness 
improvement is significant for small frequency deviations 
around n and reduces to unity (no improvement) towards 
nേ ଵଷ. Since in practical cases expected frequency deviations 
are quite small, substantial robustness improvement may be 
expected. 
 
 
(a) full view 
 
(b) zoomed around odd n  
Fig. 2. Bode diagram of |HfM(s)| with Q(s) = 1 for different values of M. 
 
Application of a non-ideal low-pass filter Q(s) with cut-
off frequency ȦF influences HfM(s) as follows: for Ȧ << ȦF, 
(29) ± (32) remain valid while for Ȧ ĺȦF performance 
degradation takes place, as pointed out in [23]. Bode diagram 
of |HfM(MȦ)| combined with a ȦF = 20Ȧ0 first-order 
Butterworth filter versus normalized frequency is depicted in 
Fig. 4 for M = 1, 2, 3, 4 to demonstrate the effect of non-ideal 
Q(s) application. Consequently, bandwidth of Q(s) should be 
as high as possible to preserve idealized behavior given by 
(29) ± (32) for as many harmonics as possible. 
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Fig. 3. Bode diagram of |RH1(s)| zoomed around odd n. 
 
 
 
(a) full view 
 
(b) zoomed around n = 1 
 
(c) zoomed around n = 19 
Fig. 4. Bode diagram of |HfM(s)| with low-pass Q(s) for different values of M. 
B. Tracking controller 
Once (8) is valid, the plant is LUD-free and tracking 
controller Ct(s) may be selected according to desired nominal 
tracking performance. In general, to assure zero steady-state 
tracking error, a proportional-resonant controller should be 
selected for a reference given by (3) [38]. Nevertheless, in 
case the nominal plant is a pure integrator (typical for power 
electronic converters under cascaded current-voltage control), 
proportional controller may be sufficient in case available 
control bandwidth is much higher (decade or more) than Ȧ0. 
The output of tracking controller Ct(s) is given by  
  *( ) ( ) ( ) ( ) .ct tu s C s y s y s                         (34) 
C. Combined control action 
Following (7), the control signal uc(t) is formed by the 
difference between (34) and (24) as 
 
  
*
1 *
( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( ) .
1 ( )
c t
fM
n t
fM
u s C s y s y s
G s
P s y s C s y s y s
G s

  
  
  (35)     
Rearranging, there is 
1
*
( ) ( ) ( )( )( ) ( ) ( ).
1 ( ) 1 ( )
t fM nt
c
fM fM
C s G s P sC s
u s y s y s
G s G s
      (36)     
In case a limited bandwidth actuator Ta(s) is present, plant 
input and output are given by 
( ) ( ) ( ) ( )c a du s u s T s u s                          (37)                       
and 
 
 *
1 ( ) ( )( ) ( )( ) ( ) ( ),
1 ( ) ( ) 1 ( ) ( ) ( )
fM nn t
d
n t n t a
G s P sP s C sy s y s u s
P s C s P s C s T s
   (38)                       
respectively. Apparently, in case the energy content of ud(s) 
is concentrated at multiples of Ȧ0, system output would satisfy 
the desired tracking behavior in steady state. Overall control 
block diagram is depicted in Fig. 5.  
 
Fig. 5. Overall block diagram of the proposed control structure. 
 
Nominal system loop gain is derived as 
0
0
2
1
2
1
( )
( ) ( ) ( )( ) ( )
1 ( )
( ) ( ) ( 1)
( ).
1 ( ) ( 1)
n t fM
n a
fM
TM m T s
m
m
m
aTM m T s
m
m
m
n t
P s C s G s
L s T s
G s
P s C Q s k e
T s
Q s k
s
e
§ · '¨ ¸© ¹
 
§ · '¨ ¸© ¹
 
 
 
 
 
¦
¦
       (39) 
As recently shown in [35], [36], trade-off between tracking 
and disturbance rejection would always appear due to finite 
available control bandwidth and must be accordingly 
accounted upon selection of the tracking controllerCt(s), 
delay order M and the filter Q(s).  
eq.
(11)
nP
y
aT
cdu
cuctu
tC
*y
du
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III. APPLICATION TO IMPROVING THE VOLTAGE QUALITY 
OF INVERTERS 
A single-phase inverter with LC filter, fed from a dc 
source vDC is shown in Fig. 6. Inverter leg voltage, inductor 
current and output voltage are denoted as u0, iL and vO, 
respectively. PWM signal, modulated by the control input v 
drives the converter leg. Practical nonlinear loads, connected 
to inverter output terminals, draw currents iO(t) satisfying (2). 
On the other hand, output voltage reference is of the form (3). 
A cascaded dual-loop control structure is utilized (similarly to 
[22], [24]). Inductor current dynamics is given by 
 
  
 
Fig. 6. Single-phase LC-filter based inverter. 
 
     1( ) ( ) ( ) ( ) ,L d DC Odi t L v t T v t v tdt                   (40) 
with Td symbolizing the total sampling and switching delay. 
The control input is selected as  
  *1( ) ( ) ( ) ( ) ,( ) PI L L ODCv t K i t i t v tv t             (41) 
where ݅௅כሺݐሻ is inductor current reference signal and KPI is 
proportional gain. Complementary sensitivity function is then 
obtained as 
1
* 1
( )( ) .( ) d
L PI
I T s
L PI
i s K LT s
i s se K L

                     (42) 
which serves as the voltage loop actuator and is equivalent to ௔ܶ introduced in (37). 
Consider an inverter of Fig. 6 with numerical values of 
relevant parameters summarized in Table II. Setting KPI to 59 
combined with double update modulation, yields a 2762 Hz 
bandwidth current loop with 45o phase margin and 6dB gain 
margin as in [22]. Note that ௗܶ  is a combination of half cycle 
delay and the computational time delay and equals to  ? ?ߤݏ. 
Bode diagram of the resulting current loop complementary 
sensitivity function TI(s) is given in Fig. 7. 
 
TABLE II 
NOMINAL SYSTEM PARAMETER VALUES  
Parameter Value Units 
Switching frequency, ௌܶି ଵ 15 kHz 
Sampling Frequency 30 kHz 
Filter inductance, L 3.4 mH 
Filter capacitance, Cn 30 µF 
Fundamental frequency, Ȧ0 ʌ rad/s 
DC link voltage, vDC 195 V 
Reference magnitude, V1 110 ? ? V 
 
Output voltage dynamics may then be expressed by (cf. (4) 
and (37)) 
*
( ) ( )( ) ( )
( )
1( ) ( ) ( ) ( )
c a d
n
O L I d
n u s T sy s u s
P s
v s i s T s i s
C s
§ ·¨ ¸ ¨ ¸© ¹
                    (43)                       
with C = Cn + ¨& and  1 1 *( ) ( ) ( ) ( ) ( ) .d O n n L I Oi s i s C C i s T s i s    '          (44) 
From (2), (3) and (38), output voltage is given by 
0
1,
( ) sin( ),O n n
n odd
v t V n tZ \f
 
 ¦                      (45)     
i.e. in order to track the reference (3) with R = V1, then ȥ1 and 
Vn (for n > 1) should be minimized. In other words, inverter 
output voltage should be in phase with the reference (tracking 
controller goal) and harmonic distortion free (disturbance 
observer goal). Total harmonic distortion of the output  
voltage is defined by 
 2 211 0
3, 3,1
( ) ,nV dn O
n odd n odd
V
THD V I Z jn
V
Zf f
  
§ ·  ¨ ¸© ¹¦ ¦     (46)     
where Idn is the n-th harmonic magnitude of id(t) (cf. (44)). 
 
 
Fig. 7. Bode diagram of voltage loop actuator TI(s).  
 
From (38), the inverter output voltage is (cf. (38)) 
 
 *
( ) ( )
1 ( ) ( )( ) ( )( ) ( ) ( ),
1 ( ) ( ) 1 ( ) ( ) ( )
v o
fM nn t
O d
n t n
s
t a
T s Z
G s P sP s C s
v s v s i s
P s C s P s C s T s
   (47) 
where ܶ ௩ is the voltage tracking transfer function and ܼ ௢ is the 
inverter output impedance. Obviously, since HfM(s) is 
designed according to (28), then |ZO(MQȦ0_ ĺ  LH ORZ
(ideally zero) THD may be expected. 
The control input in (43) is split as (cf. (7)) 
* * *
( ) ( ) ( )
( ) ( ) ( ) ,
c ct cd
L Lt Ld
u s u s u s
i s i s i s 
                          (48)                       
where the first term on the right-hand side denotes the 
tracking controller output given by  * *( ) ( ) ( )Lt PV O Oi s K v s v s                        (49)     
with proportional gain KPV and the second one symbolizes the 
disturbance observer output, given by 
 * ( )( ) ( ) ( ) .
1 ( )
fM
Ld n O ct
fM
G s
i s C sv s u s
G s
                 (50) 
v
PWM
DCv
 
Inverter
Leg Ou


L
C Ov


Oi
Li
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The filter GfM(s) was defined in (24) with Q(s) selected as a 
third-order Butterworth filter (see the discussion on filter 
order selection in [23]) 
3
3 2 2 3( ) ,2 2
F
F F F
Q s
s s s
Z
Z Z Z                       (51) 
yielding 
2 3
1 0 0
3 2
0 0
21
.
2
F
F F
T tg Z Z ZZ Z Z Z
 § ·'  ¨ ¸© ¹
                    (52) 
Since the only voltage plant parameter is the capacitance C, 
whose value is not expected to undergo significant variations, 
phase margin (PM) of 30o and gain margin (GM) of 5dB are 
sufficient for stability assurance. If required, larger stability 
margins may be attained by trading off tracking bandwidth 
(i.e. KPV) or ߱ி.  
 
 
Fig. 8. Bode diagrams of Ln(s) for M = 1, 3. 
 
TABLE III 
FILTER BANDWIDTHS AND STABILITY MARGINS FOR DIFFERENT NUMBER OF 
DELAYS  
M ߱ி , rad/s PM, o GM, dB 
1  ?ߨ  ? ? ? ? 38 5 
2  ?ߨ  ? ? ? ? 30 5.3 
3  ?ߨ  ? ? ? ? 30 5.3 
 
Fig. 9. Experimental setup. 
 
It was shown in [24] that for M = 1, increasing the order 
of Q(s) imposes ߱ி  reduction for given stability margin 
constraints. Here, the filter order remains unchanged and the 
number of delays M is increased from 1 to 3. For each number 
of delays, maximum ȦF is searched for until one of the 
stability margins limits is reached. The results are 
summarized in Table III and Bode diagrams of corresponding 
nominal loop gains Ln(s) (cf. (40)) for M = 1, 3 and KPV = 
 LH WUDFNLQJ ORRS EDQGZLGWK RI ʌ UDGV DUH
presented in Fig. 8 . As expected, rising the number of delays 
increases the loop gain robustness) around odd multiples of 
Ȧ0 while trading off the peak gain at these frequencies due to 
decreased ȦF [23], [39]. In practice, slight peak gain reduction 
has a negligible influence on performance since the output 
impedance at relevant harmonics is below the system noise 
level. 
IV. VERIFICATION 
In order to verify the feasibility of the proposed UDE-
based filter equipped with a multiple-time-delayed filter, 
modified Texas Instruments High Voltage Single Phase 
Inverter Development Kit (TIDK) with parameters in Table I 
was utilized. The proposed control structure with M = 3 and 
ȦF  ʌÂUDGVFI7DEOH,,,was executed in digital form 
by a Concerto F28M35 control board. Experimental setup is 
depicted in Fig. 9. 
 
 
(a) steady state. 
 
(b) no-load to full-load transition. 
 
(c) full-load to no-load transition. 
 
(d) reference magnitude variation under load. 
Fig. 10. Experimental results: Operation with linear load. 
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A. Operation with linear load 
,QRUGHUWRYHULI\WKHSHUIRUPDQFHXQGHUOLQHDUORDGDȍ
resistor was connected across inverter output terminals. Fig. 
10(a) presents the steady state operation waveforms, Fig. 
10(b) and 10(c) demonstrate full load ± to ± no load and no 
load ± to ± full load transitions, respectively, and Fig. 10(d) 
shows the response to 50% ± to ± 100% reference magnitude 
step change.  
Apparently, satisfactory performance is evident in both 
steady state and transients. Under linear load, the system 
achieved output voltage THD of 0.88% in steady state 
operation. 
 
 
(a) steady state. 
 
(b) full-load to no-load transition. 
 
(c) no-load to full-load transition. 
Fig. 11. Experimental results: Steady-state operation with nonlinear load. 
B. Operation with nonlinear load 
In order to verify the steady-state performance under 
QRQOLQHDU ORDGWKHȍUHVLVWRUZDVUHPRYHGDQGVZDSSHG
with a full-bridge diode rectifier, terminated by a 
ȍ:ȝ) SDUDOOHO 5& ORDG ZLWK D FUHVW IDFWRU RI
~3.35. Fig. 11(a) presents respective reference and output 
waveforms. For transient performance testing, the ȍ 
UHVLVWRU ZDV UHSODFHG ZLWK D  RQH WR OLPLW WKH LQUXVK
current. Fig. 11(b) and 11(c) demonstrate full load ± to ± no 
load and no load ± to ± full load transitions, respectively. 
Under nonlinear load, the system achieved output voltage 
THD of 1.78% in steady state operation. 
C. Robustness to fundamental frequency variations 
In order to verify the robustness to fundamental frequency  
variations, steady-state system operation under nonlinear load 
was examined for fundamental frequency deviations of േ2Hz. Experimental results are shown in Fig. 12 for the range 
of േ1Hz (which are likely to occur) and corresponding THDV 
values are presented in Fig. 13 for fundamental frequency 
deviations of േ2Hz. It may be concluded that the system is 
indeed robust to frequency deviations of േ1Hz. Nevertheless, 
the THDV attains its minimum below 50Hz and is 
asymmetrical. This is well expected from both the fact that ¨ 7 
in (24) accounts for the first harmonic only while the valleys 
of |Hf(s)| at higher multiples of Ȧ0 are slightly displaced. 
Moreover, it is expected from Fig. 4(b) that for M = 3, higher 
load harmonics would be better rejected around harmonic 
multiples than at their exact position. In order to verify this 
observation, the filter (24) was re-designed assuming 
fundamental frequency of 50.25 Hz rather than 50Hz.  
 
 
(a) 49Hz. 
 
(b) 49.5Hz. 
 
(c) 50.5Hz. 
 
(d) 51Hz. 
Fig. 12. Experimental results. Steady state operation with nonlinear load 
under േ1Hz fundamental frequency deviation. 
 
Corresponding THDV values are presented in Fig. 13 for 
fundamental frequency deviations of േ2Hz.  As the result of 
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re-design, the THDV curve was shifted to the right with 
corresponding value at 50Hz reduced from 1.78% to 1.67% 
and became more symmetrical. 
 
 
Fig. 13. Experimental results. Robustness to േ2Hz fundamental frequency 
deviations. 
 
 
(a) Robustness to frequency variations. 
  
 
(b) Tracking error. 
Fig. 14. Results of comparison with methods proposed in [21] and [23]. 
D. Comparison with multi-band-stop and single-time-
delayed filters based UDE  
As mentioned above, in [22] and [24] similar dual-loop 
control structures were proposed, utilizing different two- 
degrees-of-freedom regulator as voltage controller. In [22], a 
UDE equipped with a multi-band-stop filter was utilized for 
disturbance rejection (equivalent to utilizing a multi-resonant 
controller) while in [24] a UDE equipped with a single-time-
delayed filter was employed. The hardware setup and other 
operational parameters (switching frequency and load) were 
similar to the ones in this paper.  
Outcomes of performance comparison of control 
structures in [22] (denoted as MBS), [24] (denoted as TD) and 
the one proposed here (denoted as MTD) are summarized in 
Fig. 14. Apparently, MTD is superior both in case the 
fundamental frequency remains nominal and in case Ȧ0 is 
expected to vary, as shown in Fig. 14(a). Fig. 14(b) 
demonstrates tracking errors of output voltage for no load - to 
- full load - to - no load transients. In terms of transient 
response speed, MTD outperforms MBS while being inferior 
to TD, as expected. This is due to the increased amount of 
delay utilized, which in turn increases the convergence time 
of the proposed UDE design. MTD vs MBS experimental 
output voltage normalized harmonic spectra comparison is 
depicted in Fig. 15. 
 
 
Fig. 15. Normalized harmonic spectra comparison: MTD vs MBS. 
V. CONCLUSIONS 
 In this paper, a two-degrees-of-freedom control structure 
based on UDE controller equipped with a multiple-time-
delayed filter was suggested, aimed to improve the output 
voltage quality of DC-AC converters by minimizing the 
inverter output impedance magnitude around odd harmonics 
of fundamental frequency. Compared to previously proposed 
UDE controllers equipped with multiple-band-stop and 
single-time-delay filters, the proposed control structure has 
yielded lower THDV for both nominal and varied based 
frequency. On the other hand, due to the adoption of multiple 
time delays, the transient response is slightly prolonged 
compared to the single-time-delayed filter yet still better than 
that of multiple-band-stop-filter.  
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